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S.Sumowidagdo50, P. Svoisky56, A. Sznajder3, M. Talby15, P. Tamburello46, A. Tanasijczuk1, W. Taylor6, J.Temple46,
B. Tiller25, F. Tissandier13, M. Titov18, V.V. Tokmenin36, T. Toole62, I. Torchiani23, T. Trefzger24, D. Tsybychev73,

B. Tuchming18, C. Tully69, P.M. Tuts71, R. Unalan66, S.Uvarov40, L. Uvarov40, S. Uzunyan53, B. Vachon6,
P.J.vandenBerg34, R. VanKooten55, W.M. vanLeeuwen34, N. Varelas52, E.W. Varnes46, I.A. Vasilyev39, M. Vaupel26,

P. Verdier20, L.S. Vertogradov36, M. Verzocchi51, F. Villeneuve-Seguier44, P. Vint44, P. Vokac10, E. Von Toerne60,
M. Voutilainen68;e, R. Wagner69, H.D. Wahl50, L. Wang62, M.H.L.S Wang51, J.Warchol56, G. Watts83, M. Wayne56,
M. Weber51, G. Weber24, L. Welty-Rieger55, A. Wenger42, N. Wermes22, M. Wetstein62, A. White79, D. Wicke26,

G.W. Wilson59, S.J.Wimpenny49, M. Wobisch61, D.R.Wood64, T.R.Wyatt45, Y. Xie78, S.Yacoob54, R. Yamada51, M. Yan62,
T. Yasuda51, Y.A. Yatsunenko36, K. Yip74, H.D. Yoo78, S.W. Youn54, J.Yu79, A. Zatserklyaniy53, C. Zeitnitz26, T. Zhao83,

B. Zhou65, J.Zhu73, M. Zielinski72, D. Zieminska55, A. Zieminski55;z, L. Zivkovic71, V. Zutshi53, andE.G.Zverev38

(The DØ Collaboration)

1Universidad de BuenosAires, BuenosAires, Argentina
2LAFEX, Centro Brasileiro de PesquisasF�́sicas,Rio de Janeiro, Brazil

3Universidadedo Estadodo Rio de Janeiro, Rio de Janeiro, Brazil
4UniversidadeFederal do ABC, SantoAndŕe, Brazil
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We presentthe �rst model-independentmeasurementof the helicity of W bosonsproducedin top quark
decays,basedon a 1 fb� 1 sampleof candidatet �t eventsin thedileptonandleptonplus jetschannelscollected
by theD0detectorattheFermilabTevatronp�pCollider. Wereconstructtheangle� � betweenthemomentaof the
down-typefermionandthetop quarkin theW bosonrestframefor eachtopquarkdecay. A �t of theresulting
cos� � distribution �nds thatthefractionof longitudinalW bosonsf 0 = 0:425 � 0:166 (stat.)� 0:102 (syst.)
andthefractionof right-handedW bosonsf + = 0:119 � 0:090(stat.)� 0:053 (syst.),which is consistentat
the30%C.L. with thestandardmodel.

PACSnumbers:14.65.Ha,14.70.Fm,12.15.Ji,12.38.Qk,13.38.Be,13.88.+e

Thetop quarkis by far theheaviestof theknown fermions
andis theonly onethathasa Yukawa couplingto theHiggs
bosonof orderunity in thestandardmodel(SM). In theSM,
the top quarkdecaysvia theV � A charged-currentinterac-

tion, almostalwaysto a W bosonanda b quark. We search
for evidenceof new physicsin thet ! W bdecayby measur-
ing thehelicity of theW boson.A differentLorentzstructure
of the t ! W b interactionwould alter the fractionsof W
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bosonsproducedin eachpolarizationstatefrom theSM val-
uesof 0:697� 0:012[1] and3:6� 10� 4 [2] for thelongitudinal
fraction f 0 andright-handedfraction f + , respectively, at the
world averagetopquarkmassm t of 172:5 � 2:3 GeV [3].

In this Letter, we reporta simultaneousmeasurementof f 0

andf + (thenegative helicity fractionf � is then�x edby the
requirementthat f � + f 0 + f + = 1). This is the�rst model-
independentW bosonhelicity measurement.A measurement
of the W bosonhelicity fractions that differs signi�cantly
from the SM valueswould be an unambiguousindicationof
new physics[4]-[6]. In addition, the model-independentW
bosonhelicity measurementcanbe combinedwith measure-
mentsof singletop productioncrosssectionsto fully specify
thetbW vertex [7].

Measurementsof theb ! s decayrateassumingtheab-
senceof gluonic penguincontributions have indirectly lim-
ited theV + A contribution in top quarkdecaysto lessthan
a few percent[8]. Direct measurementsof the longitudinal
fraction (f + setto zero)found f 0 = 0:85+0 :16

� 0:23 [9] andf 0 =
0:56 � 0:31 [10]. Direct measurementsof f + ( f 0 setto 0.7)
have foundf + = � 0:02 � 0:08 [11] andf + = 0:06 � 0:10
[12]. Theanalysispresentedhereimprovesuponthatreported
in Ref. [12] by usinga larger dataset,employing enhanced
eventselectiontechniques,makinguseof hadronicW boson
decays,andintroducingthemodel-independentanalysis.

Theangulardistributionof thedown-typedecayproductsof
theW boson(chargedleptonor d, s quark)in therestframe
of theW bosoncanbedescribedby introducingthedecayan-
gle � � of thedown-typefermionwith respectto thetopquark
direction.Thedependenceof thedistributionof cos� � on the
W bosonhelicity fractions,

! (c) / 2(1 � c2)f 0 + (1 � c)2f � + (1 + c)2f + ; (1)

wherec = cos� � , forms thebasisfor our measurement.We
proceedby selectinga datasampleenrichedin t �t events,re-
constructingthe four vectorsof the two top quarksandtheir
decayproducts,andthencalculatingcos� � . The down-type
fermionsin leptonicW bosondecaysarethechargedleptons.
ForhadronicW bosondecays,wechooseaW bosondaughter
jet at randomto calculatecos� � . Sincethis introducesa sign
ambiguityinto thecalculation,we consideronly j cos� � j for
hadronicW bosondecays.Thej cos� � j variabledoesnotdis-
criminatebetweenleft- andright-handedW bosons,but adds
information for determiningthe fraction of longitudinal W
bosons.Thesedistributionsin cos� � arecomparedwith tem-
platesfor differentW bosonhelicity models,accountingfor
backgroundandreconstructioneffects,usinga binnedmaxi-
mumlikelihoodmethod.

Thismeasurementusesadatasamplerecordedwith theD0
experiment[13] that correspondsto an integratedluminosity
of about1 fb� 1 of p�p collisionsat

p
s = 1:96 TeV. Events

wereselectedby the triggersystembasedon thepresenceof
energetic leptonsor jets. Thedatasampleconsistsof t �t can-
didateeventsfrom the leptonplus jets (`+ jets) decaychan-
nel t �t ! W + W � b�b ! `� qq0b�b and the dilepton channel
t �t ! W + W � b�b ! `� `0� 0b�b, where` and`0 areelectronsor

muons.The`+ jets�nal stateis characterizedby onecharged
lepton,at leastfour jets,andlargemissingtransverseenergy
(6ET ). Thedilepton�nal stateis characterizedby two charged
leptons,at leasttwo jets,andlarge6ET . In both�nal states,at
leasttwo of thejetsareb jets.

The`+ jetseventselection[14] requiresan isolatedlepton
with transversemomentumpT > 20 GeV, no other lepton
with pT > 15 GeV in the event, 6ET > 20 GeV, and at
leastfour jets. In the dilepton channel,eventsare required
to have two leptonswith oppositechargeandpT > 15 GeV
andtwo or morejets. Electronsarerequiredto have pseudo-
rapidity [15] j� j < 1:1 in the `+ jets channelandj� j < 1:1
or 1:5 < j� j < 2:5 in thedileptonchannel,andareidenti�ed
by their energy deposition,isolation,andshowershapein the
calorimeter, and information from the trackingsystem[14].
Muons are identi�ed using information from the muon and
trackingsystemsandmust be isolatedfrom jets, signi�cant
calorimeterenergy, andenergetictracks.They arerequiredto
have j� j < 2:0. Jetsarereconstructedusinga conealgorithm
with coneradius0.5 [16] and are requiredto have rapidity
jyj < 2:5 andpT > 20 GeV. The6ET is calculatedfrom the
vectorsumof calorimetercell energies,correctedto account
for the responseof the calorimeterto jets andelectronsand
alsofor themomentaof identi�ed muons.

We simulatet �t signal eventswith mt = 172:5 GeV for
differentvaluesof f + with the ALPGEN Monte Carlo (MC)
program[17] for theparton-level process(leadingorder)and
PYTHIA [18] for gluon radiationandsubsequenthadroniza-
tion. We generatesamplescorrespondingto eachof thethree
W bosonhelicity con�gurationsby reweightingthegenerated
cos� � distributions.

Backgroundsin the `+ jets channel arise mainly from
W + jets productionandmultijet production. In the dilepton
channel,backgroundsarisefrom processessuchasW W + jets
or Z + jets. The MC samplesused to model background
eventswith realleptonsarealsogeneratedusingALPGEN and
PYTHIA. Both the signal and backgroundMC samplesare
passedthrougha GEANT3 [19] simulationof thedetectorre-
sponseandreconstructedwith the samealgorithmsusedfor
data. In the `+ jets channelwe estimatethe numberNmj of
multijet backgroundeventsfrom data,usingthetechniquede-
scribedin Ref. [14]. We calculateNmj for eachbin in the
cos� � distribution from thedatasampleto obtainthemultijet
cos� � templates.

To increasethesignalpurity, a multivariatelikelihooddis-
criminantD [14] with valuesin therange0 to 1 is calculated
usinginput variableswhich exploit differencesin kinematics
and jet �a vor. The kinematicvariablesconsideredare: H T

(scalarsumof thejet pT values),centralityC(theratioof H T

to the sumof the jet energies),k0
T min (the distancein � � �

spacebetweenthe closestpair of jets multiplied by the ET

of the lowest-ET jet in thepair anddividedby theET of the
W boson),the sumof all jet andchargedleptonenergiesh,
theminimumdijet massof thejet pairsm j j min , aplanarityA ,
sphericityS [20], 6ET , andthedileptoninvariantmassm`` . In
thedimuonchannel,the � 2 of a kinematic�t to theZ ! ��
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FIG. 1: Distribution of D for data(points with error bars),back-
ground(shadedhistogram),andsignalplus background(openhis-
togram)in thee+ jetschannel.

hypothesis� 2
Z [21] is usedinsteadof 6ET .

Since jets in backgroundevents arise mostly from light
quarksor gluonswhile two of thejetsin t �t eventsarisefrom b
quarks,we form aneuralnetwork discriminantbetweenband
light jets [22] with outputvalueNNb that tendstowardsone
for b jetsandtowardszerofor light jets.. In the `+ jetschan-
nelsweusetheaverageof thetwo largestNNb valuesto forma
continuousvariablehNNbi whosevaluetendsto belargefor t �t
eventsandsmallfor backgrounds,while in thedileptonchan-
nelstheNNb valuesfor thetwo leadingjets(NNb1 , NNb2 ) are
takenasseparatevariables.

The discriminantis built separatelyfor eachof the � ve �-
nalstatesconsidered,usingthemethoddescribedin Refs.[14,
23]. We considerall possiblecombinationsof theabovevari-
ablesfor usein thediscriminant,andall possiblerequirements
on theD value,andchoosethevariablesandD criterionthat
givethebestexpectedprecisionfor theW bosonhelicity. The
variableschosenand the requirementplacedon D for each
channelaregivenin TableI. An exampleof thedistributions
of signal,backgroundanddataeventsin D is shown in Fig. 1.

We perform a binnedPoissonmaximumlikelihood �t to
comparetheobserveddistributionof eventsin D to thesumof
thedistributionsexpectedfrom t �t andbackgroundevents.In
the`+ jetschannels,Nmj is constrainedto theexpectedvalue
within theknown uncertainty, while in thedileptonchannels
theratio of thevariousbackgroundsourcesis �x edto theex-
pectationfrom thecrosssectionstimesef�ciency of thekine-
matic selection. The likelihood is thenmaximizedwith re-
spectto thenumbersof t �t andbackgroundevents,which are
multiplied by the ef�ciency for the D selectionto determine
thecompositionof thesampleusedfor measuringtheW bo-
sonhelicity fractions. Table I lists the compositionof each
sampleaswell asthenumberof observedeventsin thedata.

The top quarkandW bosonfour-momentain theselected
`+ jetseventsarereconstructedusinga kinematic�t which is
subjectto the following constraints:two jets must form the
invariantmassof theW boson[24], theleptonandthe6ET to-
getherwith theneutrinopz componentmustform theinvariant
massof theW boson,andthemassesof thetwo reconstructed

top quarksmustbe 172:5 GeV. The four highest-pT jets in
eacheventareusedin the �t, andamongthe twelve possible
jet combinations,the solutionwith the maximalprobability,
consideringboth the � 2 from the kinematic�t and the NNb

valuesof thefour jets,is chosen.Thecos� � distributionsfor
leptonicandhadronicW bosondecaysobtainedin the`+ jets
dataafterthefull selectionareshown in Fig. 2(a)and(b).

Sincethe two neutrinosin the dilepton �nal statearenot
detected,thesystemis kinematicallyunderconstrained.How-
ever, if mt is assumed,the kinematicscan be solved alge-
braically with a four-fold ambiguity in addition to the two-
fold ambiguity in pairing jets with leptons. For eachof the
two leading jets, we calculatethe value of cos� � resulting
from eachsolution with eachof the two leptonsassociated
with the jet. To explore the phasespaceconsistentwith the
measuredjet andleptonenergies,we�uctuate themaccording
to theirresolutionmany times,andrepeattheaboveprocedure
for each�uctuation. The averageof thesevaluesis taken as
cos� � for thatjet. Thecos� � distributionobtainedin dilepton
datais shown in Fig. 2(c).

To extractf 0 andf + , we computethebinnedPoissonlike-
lihoodL(f 0; f + ) for thedatato beconsistentwith thesumof
signalandbackgroundtemplatesat any givenvaluefor these
fractions.Thebackgroundnormalizationis constrainedto be
consistentwithin uncertaintieswith the expectedvalueby a
Gaussiantermin thelikelihood. The�t alsoaccountsfor the
differencesin selectionef�ciency for t �t eventswith different
W helicity con�gurations[25].

Systematicuncertaintiesareevaluatedin ensembletestsby
varyingtheparametersthat canaffect themeasurement.En-
semblesareformedby drawing eventsfrom a modelwith the
parameterunderstudyvaried.Thesearecomparedto thestan-
dardcos� � templatesin a maximumlikelihood�t. Theaver-
ageshifts in the resultingf 0 andf + valuesare taken asthe
systematicuncertaintyandareshown in Table II. The total
systematicuncertaintyis thentaken into accountin the like-
lihood by convoluting the likelihoodwith a Gaussianwith a
width thatcorrespondsto thetotalsystematicuncertainty. The
massof the top quark is varied by � 2:3 GeV, and the jet
reconstructionef�ciency, energy calibration,andb fragmen-
tation parametersby � 1� aroundtheir nominalvalues. The
t�t modeluncertaintyis studiedby comparingt �t eventsgener-
atedby PYTHIA to thestandardALPGEN samples,considering
sampleswith a differentmodel for the underlyingeventand
onesin which only a singleprimary vertex is reconstructed.
Effectsof mis-modelingthebackgrounddistribution in cos� �

areassessedby comparingdatato thebackgroundmodelfor
eventswith low D values. The uncertaintydue to template
statisticsis evaluatedby �uctuating the templatesaccording
to theirstatisticaluncertaintiesandrepeatingthe�t to thedata
for each�uctuation. Uncertaintiesdueto jet resolution,jet �a-
vor compositionin thebackground,themodelingof theNNb

variable,andpartondistribution functionsareall foundto be
lessthan0.01for bothf 0 andf + .
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TABLE I: Summaryof the multivariateselectionandnumberof selectedeventsfor eachof the t �t �nal statesusedin this analysis. The
uncertaintiesarestatisticalonly, exceptfor thebackgroundestimatesin theeeand�� channels,in whichsystematicuncertaintiesarisingfrom
imperfectionsin theMC modelof thedataareincluded.

e+ jets � + jets e� ee ��
Variablesusedin C; S, A , H T , C; S, H T , C; S, h, m j j min , A , S , k0

T min , A , S , h, m j j min ,
discriminantD h, k0

T min , hNNbi k0
T min , hNNbi k0

T min , NNb1 , NNb2 6ET , m `` , NNb1 � 2
Z , m `` , NNb1

Signalpurity beforeD selection 0.38� 0.04 0.44� 0.04 0:67 � 0:11 0:014� 0:004 0:024� 0:006
RequirementonD > 0:80 > 0:40 > 0:08 > 0:986 > 0:990
BackgroundafterD selection 21:1 � 4:5 33:0 � 5:2 9:9 � 2:5 2:2 � 0:9 4:8 � 3:4
DataeventsafterD selection 121 167 45 15 15
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FIG. 2: Comparisonof the cos� � distribution in data(pointswith
errorbars)andtheglobalbest-�t model(solid openhistograms)for
(a) leptonicW bosondecaysin `+ jetsevents,(b) hadronicW boson
decaysin `+ jets events,and(c) dileptonevents. The dashedopen
histogramsshow theSM expectation,andtheshadedhistogramsrep-
resentthebackgroundcontribution.

Themeasuredvaluesof f 0 andf + are:

f 0 = 0:425� 0:166(stat.)� 0:102(syst.) (2)

f + = 0:119� 0:090(stat.)� 0:053(syst.);

with a correlationcoef�cient of � 0:83. The inclusionof the
j cos� � j measurementfrom hadronicW bosondecaysim-
provestheuncertaintiesonf 0 andf + by about20%relativeto
thoseobtainedusingonly the leptonicdecays.The68%,and
95% C.L. contoursfrom the �t, including systematicuncer-
tainties,areshown in Fig. 3. Thedataindicatefewer longitu-
dinal andmoreright-handedW bosonsthantheSM predicts,

TABLE II: Summaryof themajorsystematicuncertaintiesonf 0 and
f + in themodel-independent�t.

Source Uncertainty(f 0) Uncertainty(f + )
Topmass 0.009 0.018
Jetreconstructioneff. 0.021 0.010
Jetenergy calibration 0.012 0.019
b fragmentation 0.016 0.010
t �t model 0.068 0.032
Backgroundmodel 0.049 0.016
Templatestatistics 0.049 0.025
Total 0.102 0.053
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FIG. 3: Resultof themodel-independentW bosonhelicity �t. The
ellipsesarethe68%and95%C.L. contours,thetrianglebordersthe
physicallyallowedregion wheref 0 andf + sumto oneor less,and
thestardenotestheSM values.

but thedifferenceis not signi�cant asthereis a 30% chance
of observingalargerdiscrepancy giventhestatisticalandsys-
tematicuncertaintiesin themeasurement.

If we �x f + to theSM value,we �nd

f 0 = 0:619� 0:090(stat.)� 0:052(syst.); (3)

andif f 0 is �x edto theSM valuewe �nd

f + = � 0:002� 0:047(stat.)� 0:047(syst.): (4)
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Eqs. 3 and 4 are directly comparableto previous measure-
ments[9]-[12].

In summary, we have measuredthehelicity fractionsof W
bosonsin t �t decaysin the`+ jetsanddileptonchannelswith a
model-independent�t and�nd f 0 = 0:425� 0:166(stat.)�
0:102(syst.)andf + = 0:119� 0:090(stat.)� 0:053(syst.):
This is the �rst suchmeasurementreportedandis consistent
at the30%level with theSM valuesof f 0 = 0:697andf + =
3:6 � 10� 4. We have alsomeasuredf 0 andf + in a model-
dependent�t and �nd that they are consistentwith the SM
values.
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